No treatments exist to slow or halt Parkinson's disease (PD) progression; however, inhibition of leucine-rich repeat kinase 2 (LRRK2) activity represents one of the most promising therapeutic strategies. Genetic ablation and pharmacological LRRK2 inhibition have demonstrated promise in blocking a-synuclein (a-syn) pathology. However, LRRK2 kinase inhibitors may reduce LRRK2 activity in several tissues and induce systemic phenotypes in the kidney and lung that are undesirable. Here, we test whether antisense oligonucleotides (ASOs) provide an alternative therapeutic strategy, as they can be restricted to the CNS and provide a stable, long-lasting reduction of protein throughout the brain. Administration of LRRK2 ASOs to the brain reduces LRRK2 protein levels and fibril-induced a-syn inclusions. Mice exposed to a-syn fibrils treated with LRRK2 ASOs show more tyrosine hydroxylase (TH)-positive neurons compared to control mice. Furthermore, intracerebral injection of LRRK2 ASOs avoids unwanted phenotypes associated with loss of LRRK2 expression in the periphery. This study further demonstrates that a reduction of endogenous levels of normal LRRK2 reduces the formation of a-syn inclusions. Importantly, this study points toward LRRK2 ASOs as a potential therapeutic strategy for preventing PD-associated pathology and phenotypes without causing potential adverse side effects in peripheral tissues associated with LRRK2 inhibition.
INTRODUCTION
Parkinson's disease (PD) is the second most common neurodegenerative disease. Pathological hallmarks of PD include accumulations of a-synuclein (a-syn) into Lewy bodies (LBs) and Lewy neurites (LNs), and progressive loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc). Although the etiology of PD remains elusive, it is generally accepted that the formation and deposition of a-syn aggregates is a key step in PD pathogenesis. 1 Thus, factors influencing a-syn aggregation and degradation could be potential therapeutic targets.
Dominantly inherited mutations in leucine-rich repeat kinase 2 (LRRK2) are the most common genetic cause of PD that is clinically indistinguishable from idiopathic PD. [2] [3] [4] LRRK2 protein contains multiple conserved domains and functions as both a guanosine triphosphatase (GTPase) and kinase. 5, 6 All known pathogenic mutations in LRRK2 increase its kinase activity. [6] [7] [8] [9] The structure of the LRRK2 kinase domain is similar to the mitogen-activated protein kinase kinase kinase (MAPKKK) domain, making it an attractive therapeutic target. As such, several LRRK2 kinase inhibitors are in preclinical development because of their promise in treating PD. Indeed, chronic administration of an LRRK2 kinase inhibitor in rats has been shown to protect against dopamine neuron loss in the SNpc induced by viral-mediated a-syn overexpression. 10 Currently, LRRK2 kinase inhibitor development focuses on generation of highly selective inhibitors that can cross the blood-brain barrier and are slowly metabolized. One reason the development of these inhibitors has proceeded with caution is that an examination of the lung tissue of monkeys treated with the LRRK2 kinase inhibitor GNE-7915 showed an expansion of lysosome-related organelles in type II pneumocytes. 11 While additional studies are required since GNE-7915 and the related GNE-0877 molecules also inhibit critical enzymes important for normal cellular function like TTK (dual-specificity tyrosine kinase), rodents with loss of LRRK2 expression show a similar lung phenotype. 11, 12 It remains possible that a small molecule inhibitor of LRRK2 in the periphery may recapitulate the increased vacuolation of type 2 pneumocyte phenotypes associated with LRRK2 knockout (KO) mice and rats, potentially limiting this approach for neuroprotective strategies in PD.
Antisense oligonucleotides (ASOs) may provide an alternate strategy for blocking LRRK2 activity in the CNS while bypassing peripheral (i.e., systemic) effects. ASOs have recently emerged as promising strategies to treat multiple neurodegenerative diseases that can be readily translated into the clinics. Indeed, nusinersen (SPINRAZA; Biogen), a centrally delivered ASO drug, was approved by the Food and Drug Administration (FDA) for treatment of spinal muscular atrophy, together with several other centrally delivered ASO therapeutics that are in clinical phase I trials for familial amyotrophic lateral sclerosis and Huntington's disease (ClinicalTrials.gov: NCT02193074, NCT02623699, and NCT02519036, respectively). [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ASOs are single-stranded synthetic nucleic acids that bind target mRNA via Watson-Crick base pairing, resulting in degradation of target mRNA by RNase H, a ubiquitously expressed mammalian enzyme. 25 Phosphorothioate-modified deoxynucleotide (DNA) and 2 0 -O-methoxyethyl (2 0 -MOE) sugar modifications enable ASOs to be water soluble, resistant to exonucleases, and diffusible and to exhibit dose-dependent activity in vitro and in vivo. 26 Importantly, ASOs can be targeted directly to the brain by intracerebral ventricular injections and thus bypass adverse effects in the systemic organs. ASOs delivered to the brain show widespread distribution and cellular uptake and exhibit a long duration of action. [27] [28] [29] In this study, we tested whether the ASO-mediated reduction of total levels of LRRK2 in the brain prevents phenotypes associated with PD. We demonstrate ASO-mediated LRRK2 suppression in both in vitro and in vivo model systems. Reducing levels of endogenous LRRK2 inhibits the recruitment of endogenously expressed a-syn into pathologic inclusions, recapitulating recent observations made with small molecule LRRK2 kinase inhibitors. 30 In addition, LRRK2 ASOs reduced the extent of DA cell loss and ameliorated a-syn-mediated motor defects. In contrast to the GNE series of LRRK2 kinase inhibitors, at therapeutically relevant doses, central delivery of LRRK2 ASOs does not affect LRRK2 levels in systemic organs such as the kidney and lung, which are sites where reduced LRRK2 activity might cause adverse phenotypes. Centrally delivered LRRK2 ASOs may provide a novel strategy to reduce LRRK2 activity in PD.
RESULTS

ASO-Mediated LRRK2 Suppression Prevented Pathologic a-Syn Formation in a-Syn Fibril-Treated Primary Neurons
We designed and screened ASOs complementary to LRRK2 mRNA (n = 160) in SH-SY5Y cells (5 mM, 24 h) and LRRK2 mRNA was assessed via qRT-PCR. While the non-targeting control sequence (CTL) had no effect on LRRK2 mRNA (108.6% ± 2.6% compared to the untreated control [UTC]), two LRRK2-targeted sequences (SEQ1, SEQ2) resulted in 23.7% ± 7.2% and 26.5% ± 2.9% LRRK2 mRNA compared to UTC, respectively ( Figure 1A ). These sequences were homologous for the human and mouse Lrrk2 gene and were further optimized for use in primary neurons and in vivo and were thus subsequently termed ASO1 and ASO2.
We have previously shown that mutant G2019S-LRRK2 enhances formation of pathologic a-syn inclusions. 30 Treatment of both nontransgenic (Tg) neurons, with normal, endogenously expressed LRRK2 and G2019S-LRRK2-expressing neurons with LRRK2 inhibitors reduced a-syn aggregation, suggesting that both endogenous and mutant LRRK2 can contribute to a-syn accumulation. To further evaluate the impact of endogenous LRRK2 on a-syn aggregation, we employed ASOs to knock down LRRK2 expression. Primary neurons from non-Tg mice were treated at 7 days in vitro (DIV) with PBS, a control ASO (CTL), LRRK2 ASO1, or LRRK2 ASO2 at 3.0, 1.0, 0.3, and 0.1 mM, respectively. Eighteen days following treatment, immunoblots were performed for total LRRK2 levels. There was a substantial, stable reduction in LRRK2 protein produced by both ASO1 and ASO2 ( Figure 1B ). Next, we treated neurons with PBS, CTL, or LRRK2 ASO1 or ASO2 at 1 mM, together with 2 mg mL À1 a-syn pre-formed fibrils (PFFs) to induce inclusion formation. At 18 days post-treatment, neurons were fixed, and double immunofluorescence (IF) of phospho-S129 (pS129) a-syn antibody, a marker for a-syn inclusions, 31, 32 and tau, an axonal marker, was performed ( Figures 1C  and 1D ). Treatment with LRRK2 ASO1 or ASO2 significantly reduced the abundance of pS129-a-syn inclusions.
Central Delivery of ASOs Suppresses LRRK2 mRNA and Protein in the Brain without Affecting Kidney and Lung LRRK2 Levels
Because LRRK2 ASOs reduced pathologic a-syn in primary neuron cultures, we then tested whether they can reduce pathology in the brain, in vivo. Bolus intracerebral ventricular (ICVB) injection of ASOs into the lateral ventricles is an efficient method of ASO delivery. 29 To determine the potency of LRRK2 ASOs in vivo, wildtype C57BL/6J mice were treated with ASOs via ICVB, and tissues were harvested 14 days later. Both LRRK2 ASOs resulted in a dosedependent reduction of Lrrk2 mRNA in the dissected midbrain, an important PD brain region (Figures 2A and 2B ). The ED 50 for Lrrk2 mRNA suppression was 351 mg for ASO1 and 283 mg for ASO2 in the midbrain. Expression of Lrrk1 mRNA, a closely related family member, was not altered ( Figure S1 ). Furthermore, we also measured the LRRK2 protein level via immunoblot in the midbrain of treated mice ( Figures 2C and 2D ). Both LRRK2 ASO1 and LRRK2 ASO2 produced a dose-dependent reduction of LRRK2 protein compared to PBS-and CTL-treated mice. A similar dosedependent reduction of Lrrk2 mRNA and LRRK2 protein was observed in the cortex ( Figure S2 ). There were no changes in levels of total a-syn protein with any concentration of LRRK2 ASOs ( To determine if the effects of ASOs in the CNS can be extended to longer time points, wild-type mice were treated with PBS, CTL ASO, or LRRK2 ASO1 and LRRK2 ASO2 at 700 mg via a single ICVB injection and were euthanized 56 days later ( Figure 3A ). While CTL ASO had no effect on Lrrk2 mRNA in either the cortex (93.3% ± 2.6% compared to PBS) or midbrain (96.5% ± 15.2% compared to PBS), ASO1 and ASO2 resulted in significant mRNA suppression in both the cortex and midbrain of treated mice ( Figure 3A ). Taken together, central delivery of LRRK2 ASOs not only suppresses Lrrk2 mRNA and LRRK2 protein in a dose-dependent manner but also results in long-lasting suppression in the CNS following a single injection.
To determine if central delivery of ASOs is specific to targeting LRRK2 in the CNS, we assessed Lrrk2 mRNA in the kidney and lungs www.moleculartherapy.org of ICVB-treated mice. Since genetic ablation of LRRK2 resulted in the accumulation of autophagic vacuoles in proximal tubule epithelial cells in the kidney and type II pneumocytes in the lung, [33] [34] [35] we assessed the Lrrk2 mRNA level in the kidney and lung of treated mice by qRT-PCR. Neither LRRK2 ASO affected Lrrk2 mRNA in the kidney or lung when injected ICVB, although they produced a robust Lrrk2 reduction in the brain ( Figure 3A ). Furthermore, H&E, Masson's trichrome stain, and LAMP2 immunohistochemistry (IHC) showed no abnormalities in the kidneys and lungs of treated mice ( Figure S3 ). In summary, central delivery of ASOs specifically targets LRRK2 in the brain without affecting systemic LRRK2 levels. Figure 1 . Identification of Efficacious LRRK2 ASOs that Reduce Formation of a-Syn Inclusions (A) One-hundred and sixty different ASOs complementary to LRRK2 mRNA (5 mM) were added to SH-SY5Y cells. 24 hr later, Lrrk2 mRNA was assessed via RT-qPCR (n = 2 per ASO). ASOs that reduced Lrrk2 mRNA by more than 50% and that were homologous to both mouse and human LRRK2 are highlighted in blue and magenta. (B) Primary hippocampal neurons were treated at DIV7 with PBS, CTL ASO, or LRRK2 ASO1 or LRRK2 ASO2 at 3.0, 1.0, 0.3, and 0.1 mM. Eighteen days later, neurons were harvested and immunoblots were performed for total LRRK2 or voltagedependent anion selective channel protein 1 (VDAC) as a loading control. (C) At DIV7, neurons were exposed to 2 mg mL À1 of sonicated PFFs with either PBS, CTL ASO, LRRK2 ASO1, or LRRK2 ASO1 at 1 mM. Eighteen days later, neurons were fixed, and IF was performed using an antibody to pS129-a-syn to visualize inclusions and tau to visualize axons. The fraction area occupied by pS129a-syn was quantified using ImageJ. LRRK2 ASO-treated groups were compared to the PBS group using one-way ANOVA with Tukey's post-test. ***p < 0.001. Data represent mean ± SEM. (D) Representative intracerebral ventricular images of pS129-a-syn (magenta) and tau (green) in neurons treated with CTRL ASO, LRRK2 ASO1, or LRRK2 ASO2. The scale bar is 5 mm. VDAC, voltagedependent anion channel protein.
Systemic Delivery of ASOs Reduces LRRK2 in the Kidney and Lungs without Affecting CNS LRRK2
We hypothesized that systemic delivery of ASOs only suppresses LRRK2 expression in systemic organs, since ASOs do not readily cross the blood-brain barrier. To test this hypothesis, we treated mice weekly for 8 weeks with 50 mg/kg per week of CTL, LRRK2 ASO1, or LRRK2 ASO2 via subcutaneous injections (Figure 3B ). Tissues were harvested at 2 days after the last dose. While CTL ASO did not affect Lrrk2 mRNA, ASO1 and ASO2 resulted in robust Lrrk2 mRNA suppression in the kidney ( Figure 3B ). Both ASOs reduced lung Lrrk2 mRNA, although the reduction was not statistically significant (Figure 3B) . This is consistent with poor ASO delivery to the lung following introduction of ASOs into the systemic circulation. 27 Moreover, systemic delivery of ASOs did not affect midbrain Lrrk2 mRNA levels ( Figure 3B ), in contrast to central delivery ( Figure 3A ).
Since genetic ablation of LRRK2 causes vacuolation in proximal epithelial cells in KO rodents, 12, [33] [34] [35] we also examined the kidney of systemically ASO-treated mice histologically. In agreement with published data, we observed vacuoles in proximal epithelial cells of LRRK2 ASO-treated mice, but not PBS-or CTL-treated mice, by H&E and Masson's trichrome stain ( Figure 4A ). LAMP2 IHC also showed an increase in late endosomes/lysosomes in proximal kidney epithelial cells. In the lung, LAMP2 IHC showed a mild increase in LAMP2-positive late endosomes/lysosomes, particularly with systemic treatment with ASO2 ( Figure 4B ). Taken together, systemic LRRK2 ASO administration resulted in LRRK2 suppression in the kidney and lung, with changes consistent with those found in the mouse LRRK2 KO.
ASO-Mediated LRRK2 Suppression Prevented Pathologic a-Syn Formation In Vivo
Previous work showed that intra-striatal injection of a-syn fibrils into non-Tg mice resulted in pS129-a-syn pathology in the substantia nigra. 36, 37 LRRK2 kinase inhibitors reduce formation of a-syn inclusions in primary neurons. 30 We thus determined if ICVB injections of LRRK2 ASOs reduce a-syn inclusions in vivo. Mice first received injections of ASO1 or ASO2 with PBS as a control, followed by injection of PFFs ( Figure 5A ). Fifty-six days after injection with ASOs with or or LRRK2 ASO2 (n = 3) at 30, 100, 300, or 700 mg, respectively. Fourteen days later, brains were dissected. mRNA of midbrain LRRK2 was quantified by qRT-PCR for LRRK2 ASO1 (A) or LRRK2 ASO2 (B). (C and D) Midbrain homogenates from treated mice were immunoblotted for total LRRK2 or mouse a-syn. HSC70 was used as a loading control. Bands from the LRRK2 immunoblots were quantified using ImageJ and normalized to HSC70 for LRRK2 ASO1 (C) or LRRK2 ASO2 (D). Data represent the mean fold change relative PBS ± SEM. LRRK2 ASO-treated groups were compared to the PBS or CTL-ASO groups using one-way ANOVA with Tukey's post-test. *p < 0.05, **p < 0.01, ***p < 0.001. Data represent mean ± SEM.
without PFFs, there remained a substantial reduction of Lrrk2 mRNA in the contralateral midbrain ( Figure 5B ) and LRRK2 protein in the contralateral cortex ( Figure 5C ). No change in Scna mRNA, the gene encoding a-syn protein, was observed ( Figure S4A ). IHC for pS129-a-syn of the ipsilateral hemisphere to the injection site showed minimal staining in PBS-injected mice but revealed abundant inclusions in the SNpc of PFF-injected mice ( Figure 5D ). Furthermore, pS129-a-syn inclusions were found to colocalize with tyrosine hydroxylase (TH) in dopamine neurons (Figure 5E ). Treatment with both LRRK2 ASO1 and LRRK2 ASO2 reduced the abundance of pS129-a-syn inclusions in the SNpc (Figure 5D ). Quantitation of the number of somal inclusions revealed a significant (about 50%) reduction in pS129-a-syn inclusions in the SNpc of ASO1 and ASO2 treated mice ( Figure 5F ). We next performed sequential extraction of the contralateral cortex from control and PFF-injected mice in radioimmunoprecipitation assay buffer (RIPA) followed by 2% SDS to examine levels of total a-syn and pS129-a-syn. RIPA-soluble total a-syn levels were unaltered following LRRK2 ASO treatment, consistent with the finding that LRRK2 ASO did not affect the a-syn mRNA level ( Figure S4A ). No pS129-a-syn was observed in the RIPA-soluble fraction ( Figure S4B ), consistent with previous reports. 31, 32 a-syn in LBs in diseased brains is insoluble in anionic detergents. It has been previously shown that PFFs cause a shift of normal a-syn into the insoluble SDS fraction, 31, 32 and bilateral cortical pS129-a-syn pathology is evident following intra-striatal PFF inoculation. 31, 38 We thus reasoned that pS129-a-syn in the SDS fraction from the contralateral cortex of the PFF-treated mice would provide further confirmation of the pS129-a-syn pathology observed in the SNpc. In control mice injected with PFFs, there was abundant pS129-a-syn in the insoluble SDS fraction ( Figure 5G ). Both LRRK2 ASOs significantly reduced the accumulation of pS129-a-syn in the insoluble SDS fraction (Figure 5G ), further confirming that the reduction of LRRK2 levels prevents the pathologic accumulation of a-syn. Consistent with published work, 36 a-syn PFFs resulted in a motor deficit, as demonstrated by reduced time remaining on the wire in injected mice compared to mice without PFF injection ( Figure 5H ). Importantly, ASO1 and ASO2 rescued this motor deficit.
Since the accumulation of a-syn aggregates in the SNpc compromises the survival of DA neurons over time, 31, [36] [37] [38] [39] we asked if long-term ASO-mediated LRRK2 suppression could be protective. To this end, another cohort of mice was treated with CTL ASO or LRRK2 ASO at 14 d before striatal PFF injection and again on day 90 following the first ASO ICVB, and they were euthanized at 180 d post-treatment ( Figure 6A ). In most of our in vivo studies, both ASO1 and ASO2 exhibit similar activity; however, ASO2 has a slightly better ED 50 in the midbrain, as determined in Figure 2 ; thus, we chose this ASO for this study. Long-term ASO-mediated LRRK2 suppression was well tolerated, as mice gained weight normally and appeared healthy upon weekly physical examination until they were euthanized. Sustained Lrrk2 mRNA and protein reduction was observed in ASO-treated mice at this time point ( Figures 6B and 6C ), while no change in SNCA mRNA was observed ( Figure S4C ). Furthermore, IHC analyses showed significant reduction in pS129-a-syn aggregates in the ipsilateral SNpc of LRRK2 ASO2-treated mice compared to CTL-treated mice ( Figures 6D and 6E ). To determine if LRRK2 suppression could reduce the loss of TH-expressing SNpc neurons at this time point, we conducted IHC using anti-TH antibody in CTL-and ASO2-treated mice. Quantification of TH-positive neurons showed that LRRK2 suppression resulted in a reduced loss of TH-positive cells in the ipsilateral SNpc of LRRK2 ASO2-treated mice compared to CTL-treated mice exposed to fibrils ( Figures 6F and 6G ). Taken together, ASO-mediated suppression of endogenous LRRK2 reduced motor behavior defects and pathological aggregation of a-syn and inhibited against TH cell loss in the PFF model.
DISCUSSION
In this study, we demonstrate the efficacy of LRRK2 ASOs in physiologically relevant in vitro and in vivo models of a-syn pathology. Particularly, we show that ASO-mediated suppression of endogenous LRRK2 not only reduces formation of pathologic a-syn inclusions in primary hippocampal neurons exposed to a-syn PFF, but it also ameliorates a-syn pathology in the SNpc and a-syn-associated motor deficit and DA toxicity following PFF inoculation in mice. Furthermore, we show that by only reducing LRRK2 levels in the brain, we can bypass potential adverse side effects of inhibiting LRRK2 function in the lung and kidney.
LRRK2 is one of the most promising therapeutic targets for the treatment of PD. The development of potent, selective LRRK2 kinase inhibitors that are brain penetrant has shown great progress in rat models of PD. 10 Our findings that either inhibiting LRRK2 activity 30 or reducing endogenous LRRK2 levels can abrogate a-syn pathology, reducing neuron death and motor defects, suggests that targeting LRRK2 may be an effective treatment not only for patients with LRRK2 mutations but also for individuals with idiopathic PD.
While genetic ablation of LRRK2 in rodents is generally well tolerated and exhibits no overt CNS phenotypes, KO animals exhibit enlarged kidneys and accumulation of vacuoles in proximal tubule epithelial cells [33] [34] [35] and in a subset of large epithelial cells, specifically type II pneumocytes. 33 Furthermore, oral delivery of LRRK2 inhibitors in non-human primates reduced LRRK2 activity in the brain but also caused vacuolation in type II pneumocytes in the lung. 11 Although it is unclear whether there are functional consequences to these changes, ultimately these systemic phenotypes may present liabilities for LRRK2 inhibition in clinical populations. Consistent with these reports, we showed that systemic administration of LRRK2 ASOs in mice resulted in significant LRRK2 suppression in the kidney and concomitant vacuolations in proximal tubule epithelial cells. No pathology was observed in the lung due to limited LRRK2 suppression. This was likely due to limited ASO exposure following subcutaneous injection in this organ compared to the kidney. 27 Moreover, central delivery of LRRK2 ASOs, while effectively reducing LRRK2 levels in the CNS, did not affect LRRK2 levels in the kidney or lung or cause vacuolation in these organs. Taken together, central delivery of LRRK2 ASOs is a superior route for ASO-mediated LRRK2 suppression compared to systemic administration, and this approach may be a viable therapeutic strategy for PD.
Our work furthers the understanding of mechanisms that may underlie the etiology of PD. Several new lines of evidence support the pathological interplay between LRRK2 and a-syn in the development of idiopathic PD (i.e., PD cases without LRRK2 mutations). First, in To visualize the presence of vacuoles in proximal kidney epithelial cells, sections from the kidney from mice systemically treated with CTL, LRRK2 ASO1, or LRRK2 ASO2 were stained using H&E (vacuoles indicated by green arrows) or Masson's trichrome stain to visualize protein deposits (orange coloration, indicated by green arrows). LAMP2 IHC was also performed to visualize late endosomes/lysosomes in tubule cells, with intense LAMP2 staining indicated with green arrows. (B) IHC for LAMP2 was also performed in lung tissue sections, with abnormal LAMP2 accumulations in pneumocytes indicated with green arrows. Sections shown are representative from dozens of sections cut through the kidney and lung from at least three animals from each group. Scale bars are 100 mm.
post-mortem studies, mutations in a-syn or LRRK2 result in typical cytoplasmic and neuritic a-syn accumulations in LBs and LNs, respectively. 40 Second, an increased LRRK2 protein level has been reported in PD brain regions with abundant LB pathology, in monocytes from PD cases, and in exosomes isolated from PD cases. [41] [42] [43] [44] [45] Third, in model systems, overexpression of either wild-type or PD-associated G2019S LRRK2 enhanced a-syn accumulation and downstream neuropathology in A53T a-syn mutant mice, and genetic ablation of LRRK2 not only reduced somatic a-syn accumulation but also significantly delayed A53Tinduced neurodegeneration such as impaired microtubule dynamics and Golgi fragmentation. 46, 47 Furthermore, genetic ablation of LRRK2 or treatment with a potent LRRK2 kinase inhibitor protected against DA cell loss caused by viral-mediated overexpression of a-syn. 10, 48 Finally, in G2019S LRRK2-expressing primary neurons and rat DA neurons, a-syn aggregation was significantly increased following exposure to a-syn PFFs, and inhibition of LRRK2 kinase activity blocked this effect. 30 This study demonstrates that LRRK2-directed ASOs can capture some of the neuroprotection associated with the reduction of LRRK2 activity and/or expression following formation of a-syn inclusions in wildtype neurons and mice. Our approach administers LRRK2 ASOs prior to disease onset; since it takes up to 14 d for maximal LRRK2 mRNA and protein suppression with ASO, it remains to be determined if ASO administration is still effective in reducing a-syn pathology when the aggregation and neurodegeneration process has already been well established.
Our work also suggests an intrinsic function of LRRK2 in regulating a-syn pathology and its downstream effect and is in agreement with www.moleculartherapy.org previous studies that demonstrated benefits of LRRK2 KO in various contexts of a-syn-mediated toxicity. Interestingly, a recent study showed that mutant LRRK2 toxicity in induced pluripotent neurons derived from patients with PD did not require LRRK2 kinase activity or inclusion bodies, but instead depended on LRRK2 levels and a-syn expression. 49 Together with this study, our findings provide further support for inhibition of LRRK2 expression as a therapeutic strategy to ameliorate LRRK2-and a-syn-induced neurodegeneration, in addition to a-syn pathology. Remarkably, an acute 40%-50% reduction in LRRK2 mRNA appears sufficient to reduce a-syn aggregation and a-syn-induced cell death in our PD model.
Although one study showed that LRRK2 and a-syn mRNA was co-regulated in the mouse striatum, 50 it is unlikely that LRRK2 influences a-syn aggregation at the mRNA level, since we did not observe any change in the Snca mRNA level following LRRK2 suppression in vivo. It is possible that LRRK2 exerts its effect once PFF-induced a-syn aggregates have formed, particularly in protein clearance pathways. Consistent with this hypothesis, LRRK2 has been implicated in degradative processes 51 and was reported to have an inhibitory effect on chaperone-mediated autophagy, a mechanism reported to degrade a-syn. 52 Likewise, removing endogenous LRRK2 could enhance the degradation of aggregated a-syn, thereby somal pS129-a-syn inclusions was quantified from SNpc from PBS-injected mice and from mice that received ICVB injections of PBS with striatal injections of PFFs or mice that received ICVB injections of LRRK2 ASO1 or LRRK2 ASO2 followed by striatal injection of PFFs. LRRK2 ASO-treated groups were compared to the PFF/PBS control group using one-way ANOVA with Tukey's post-test. *p < 0.05, **p < 0.01. Data represent mean ± SEM. (G) Cortical tissue from mice that received ICVB injections of PBS, LRRK2 ASO1, or LRRK2 ASO2 followed by striatal injection of PFFs was sequentially extracted. First, lysates were prepared by homogenization in RIPA buffer. RIPA-soluble fractions were resolved by SDS-PAGE and immunoblots were performed using an antibody to total a-syn and b-tubulin was used as a loading control. The lysates were then spun at high speed and the resulting pellets were resuspended in 2% SDS. This insoluble fraction was resolved by SDS-PAGE and immunoblots were performed using an antibody to pS129-a-syn. Ponceau staining of the immunoblot demonstrates equal loading of the samples. (H) The wire hang behavioral test was performed 56 days after fibril injections. The latency of mice to fall off the wire grid was recorded and averaged over two trials (15 min apart). PFF-treated groups were compared to the PBS control group using one-way ANOVA with Tukey's post-test. *p < 0.05. ns, not significant. resulting in less cytoplasmic a-syn accumulation in our PD model. Another possibility is that LRRK2 may influence a-syn intracellular trafficking and somatic accumulation. In support of this view, Lin et al. 47 showed that removing endogenous LRRK2 in a-syn A53T transgenic mice significantly reduced Golgi fragmentation, accumulations of ubiquitinated proteins including a-syn. Further investigations into the molecular mechanism underlying the protective effect of LRRK2-targeting ASOs in model systems will be required. Our results further support a role for LRRK2 in the formation of a-syn pathology and neurodegeneration and demonstrate that ASOmediated LRRK2 suppression can be a potential therapy for a-synmediated PD.
MATERIALS AND METHODS
Oligonucleotides
Synthesis and purification of all chemically purified ASOs was performed as previously described. 53 Sequence 1 and sequence 2 (SEQ1 and SEQ2) were uniform 20-mer gapmer phosphorothioate oligonucleotides containing 2 0 -MOE groups at positions 1-5 and 15-20. ASO1 and ASO2 had the same sequences and chemistry design as SEQ1 and SEQ2 except with a mixed phosphorothioate and phosphodiester backbone (denoted in Table 1 ). The sequences evaluated are listed in Table 1 .
Animals
All experimental procedures involving animals were performed in accordance with Institutional Animal Care and Use Committee guidelines, were approved by the University of Alabama at Birmingham's Institutional Animal Care and Use Committee, and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (publication no. 80-23). Adult wild-type C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME) for in vivo screening and characterizations of ASOs. Pregnant CD1 dams were purchased from Charles River (Wilmington, MA) for primary neuronal cultures. Adult wild-type C57BL6/C3H mice were purchased from Charles River (Wilmington, MA) for PFF inoculation studies.
Intracerebral Ventricular Injection and Subcutaneous Injection of ASOs and Striatal a-syn PFF Injection
Lyophilized ASOs were dissolved in sterile phosphate-buffered saline without calcium or magnesium and quantified by UV spectrometry. ASOs were then diluted to desired concentration and sterilized through at 0.2-mm filter. For central delivery studies, a single intracerebral ventricular bolus (ICVB) injection was performed as described with two modifications. 29 First, coordinates for the right lateral ventricle injection were as follows: anterior-posterior (AP), À0.3 mm; medial-lateral (ML), 1 mm; and dorsal-ventral (DV), À3.0 mm. Second, 10 mL ASO solution was injected once at a rate of 1 mL/s. For the dose-response ICVB study, wild-type C57BL/6J female mice (n = 3) aged 8-10 weeks were injected with PBS, CTL ASO at 700 mg, or ASO1 or ASO2 at 30, 100, 300, and 700 mg. Mice were euthanized at 14 days post-ICVB injection. For the 8-week study, wild-type C57BL/6J female mice (n = 4) received a single ICVB injection at 700 mg and were euthanized at 56 days post-dose. For systemic studies, wild-type C57BL/6J female mice (n = 4) received subcutaneous bolus injections of PBS, CTL ASO, ASO1, or ASO2 at 50 mg/kg weekly for 8 weeks and were euthanized at 2 days after the last dose. In the short-term proof-of-concept experiment, the ICVB injection of saline, ASO1 (700 mg), or ASO2 (700 mg) was performed 2 weeks before striatal a-syn PFF inoculation into the right ventricle and right striatum, respectively. Wild-type C57BL6/C3H mice (n = 12) were used. a-syn PFF was prepared from recombinant mouse a-syn as described. 36 The striatal injection of 5 mg a-syn PFF in 2 mL dosing solution was performed as previously described. 31, 36 Mice were tested on the wire hang task on day 55 and euthanized on day 56 post-ICVB injection. For the long-term proof-of-concept experiment, mice received ASOs and PFF injections just as in the short-term experiment, except they received a second ICVB injection on day 90 and were euthanized on day 180 after the 1st ICVB.
RT-PCR
Cultured cells were lysed in 300 mL RLT buffer containing 1% (v/v) 2-mercaptoethanol (BME; Sigma-Aldrich). A 2-mm coronal section of the cortex at 1 mm posterior to the injection site or a 3-mm posterior brain coronal section containing the midbrain was dissected and homogenized in 500 mL guanidine isothiocyanate solution (Invitrogen) supplemented 8% BME. The entire kidney and 1 leaflet of the lung were homogenized in 1 mL of 1% BME/RLT buffer. Twenty microliters of lysates was used for RNA isolation using the RNeasy 96 kit per the manufacturer's instructions (QIAGEN). RT-PCR was done using a StepOne real-time PCR system (Applied Biosystems), as described previously. 54 The following sequences of primers and probes were used: mouse Lrrk2: 5 0 -GGCGAGTTA TCCGCACCAT-3 0 (forward), 5 0 -CCAAAACCAGCATGACATTC TTAA-3 0 (reverse), and 5 0 -Fam-GAGAGCCATGGCCACAGCA CAA-Tamra-3 0 (probe); and mouse Lrrk1: 5 0 -CTGCTCAGGAAG TATTTCATCGAA-3 0 (forward), 5 0 -GGGACCATTTCACACGAA GTG-3 0 (reverse), and 5 0 -Fam-GGGACCATTTCACACGAAGTG-Tamra-3 0 (probe). PCR results were normalized by housekeeping genes, cyclophilin A or Gapdh, and were further normalized to the level in PBS-treated mice or untreated cells. 
In Vitro Cell Cultures in SH-SY5Y Cultures and Primary Neurons
SH-SY5Y cells were cultured in 1:1 mixture of Eagle's minimum essential medium and F12 medium, supplemented with 10% FBS in a 96-well plate at 10 4 cells/well. Oligonucleotides were transfected at 5 mM with cytofectamine per the manufacturer's instructions (Invitrogen, CA), and cells were harvested at 24 hr post-treatment for RNA extraction and mouse LRRK2 mRNA quantification by qRT-PCR.
Primary hippocampal cultures were prepared from E16-E18 C57BL/ 6J mouse brains and maintained as described. 32, 55 Fibril transduction was performed at 7 DIV at 2 mg/mL, together with 0.3 or 1 mM ASOs, as described. 30 Each experiment was performed in duplicate and repeated 3-5 times. Transduced neurons were harvested at 18 days post-transduction for indirect IF with pS129 a-syn antibody (81A; gift from Virginia Lee) for a-syn pathology and with tau (Dako) for neuronal density. The fraction area occupied was quantified using ImageJ software (NIH) as previously described. 30 
Histology Analyses
Mice were euthanized at the end of each study by CO 2 affixation, followed by transcardial perfusion with ice-cold PBS. For 8-week ICVB and systemic studies, the left hemibrain, lung, and kidney were extracted, fixed overnight in 10% normal buffered saline (NBF), and embedded in paraffin. Serial sections 5 mm thick were cut from the formalin-fixed, paraffin-embedded tissue blocks and floated onto charged glass slides and dried overnight at 60 C. An H&E-stained section and a Masson's trichrome-stained slide were obtained from each tissue block. All sections for IHC were deparaffinized and hydrated using graded concentrations of ethanol to deionized water. The tissue sections were subjected to antigen retrieval by 0.01 M Tris/1 mM EDTA buffer (pH 9) with a pressure cooker for 5 min (preheat buffer for 10 min). Following antigen retrieval, all sections were washed gently in deionized water and then transferred into 0.05 M Tris-based solution in 0.15 M NaCl with 0.1% (v/v) Triton X-100, pH 7.6 (TBST). Endogenous peroxidase was blocked with 3% hydrogen peroxide for 20 min. To further reduce nonspecific background staining, slides were incubated with 3% normal goat serum for 30 min (Sigma) at room temperature. All slides were then incubated at 4 C overnight with rabbit anti-mouse LAMP-2 antibody (H-207) (1:25, SC5571; Santa Cruz). After washing with TBST, sections then incubated with goat anti-rabbit immunoglobulin G (IgG)-horseradish peroxidase (HRP) (1:300, SC2004; Santa Cruz). Diaminobenzidine (DAB;
ScyTek Laboratories, Logan, UT) was used as the chromagen and hematoxylin (no. 7211; Richard-Allen Scientific) was used as the counterstain.
For the combined ICVB and PFF study, the right hemisphere (site of PFF inoculation) was extracted, fixed overnight in 70% ethanol in 150 mM NaCl, and embedded in paraffin. 6-mm coronal sections were collected through the entire CNS (brain, brain stem), as described. 31 Tissues were deparaffinized and rehydrated as above and were subjected to antigen retrieval by sodium citrate buffer at pH 6 (H-3300; Vector Laboratories) with a pressure cooker for 5 min (preheat buffer for 10 min). For assessment of pathologic a-syn aggregates, every 10th section was stained with pS129-a-syn antibody (Ab51253; Abcam), as described. 31 Numbers of pS129a-syn-positive cells in the SNpc were quantified in a blinded manner by two independent raters. Both intra-rater and inter-rater reliability were R90% (data not shown). For assessment of DA SNpc neurons, every 10th section was stained by IHC with anti-TH antibody (P40101-0; Pel-Freez), as described. 31 TH-positive neurons in the SNpc were manually counted by an investigator who was blinded to the treatment condition.
Triple IF of TH, pS129-a-syn, and NeuN was done sequentially using an OPAL 7-color fIHC kit (PerkinElmer), per the manufacturer's instructions.
Western Blot
For the 2-week ICVB dose-response study and the 8-week ICVB study, a 2-mm coronal cortex section posterior to the site of cortex dissection for RNA was dissected. Tissues were sonicated in 1Â RIPA buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 0.1% SDS, and 1% Triton X-100) containing protease and phosphatase inhibitor cocktails (9806; Cell Signaling Technology) and were spun at 16,000 Â g for 30 min at 4 C. For the ICVB and PFF study, pellets were subsequently washed and resuspended in 2% SDS in Tris-buffered saline (TBS). The protein concentration was determined by the Bradford or bicinchoninic acid assay (BCA) protein assay (Pierce). Samples were separated on 7.5% gels and were blotted with MJFF2 for LRRK2 (133474; Abcam) or separated on 4%-12% Bis-Tris gels and blotted with Syn1 for total mouse a-syn (610786; BD Transductions), pS129-a-syn for pathologic a-syn (Ab51253; Abcam). Primary antibodies were detected with corresponding secondary antibodies conjugated to horseradish peroxidase (Jackson ImmunoResearch), and blots were developed by enhanced chemiluminescence (GE Amersham).
Wire Hang Task
To assess grip strength, the wire hang task was performed as described, with slight modifications. 31 Briefly, mice were acclimatized to the testing environment 4 hr before the actual test. The test was performed by an investigator blinded to the treatment conditions. Mice were placed on a standard wire cage lid on top of clean cages with bedding, and they were allowed to walk around for 2 min. Wire tops were gently agitated and flipped upside down to cause the animals to grip the wires. The latency of mice to fall off the grid was recorded and averaged over two trials (15 min apart). Trials were stopped if mice remained on the lid for over 5 min.
Statistical Analyses
For pairwise comparisons, Student's t tests were used. For comparisons of more than 2 treatment groups, one-way ANOVA with Dunnett's or Tukey's post hoc tests was used. Statistical significance was set at p < 0.05. Data are presented as the mean ± SEM unless otherwise indicated. 
